TUDIES in humans have shown that transluminal balloon angioplasty produces long-lasting dilation of vasospastic cerebral arteries. 1, 3, 4, 7, 12, 20 There have been no reports of recurrent vasospasm following angioplasty and, although this lack of recurrence has not yet been explained, it is evidence for a role of arterial wall fibrosis and nonmuscle contraction mechanisms in vasospasm. 11, 15, 16, 18 Studies have been made of injuries to arteries in which normal arteries were overdistended with balloons.
In the present study, a rabbit model of vasospasm was used to investigate the effects of angioplasty. 10 The goals of this study were to define the effect of angioplasty on vasospastic rabbit carotid arteries as it is observed on angiography, to determine if angioplasty causes arterial fibrosis or endothelial proliferation after induction of vasospasm by periarterial blood clot placement, and to define the pathological and ultrastructural effects of angioplasty on these arteries. The endpoints determined in this study included vasospasm exhibited on angiography, amino acid analysis, and histopathological examination of arteries for evidence of changes in smooth muscle and in the extracellular matrix. A rabbit model was chosen because this is a model in which the size and location of the arteries permit accessibility to angioplasty.
Materials and Methods

Animal Preparation
Thirty-six male New Zealand White rabbits, weighing between 2.5 and 4.1 kg, were divided into nine groups ( Fig. 1 ) to undergo bilateral carotid angiography and placement of silastic sheaths around both carotid arteries in the neck (Day 0). The sheaths were either empty to serve as controls or filled with blood to induce vasospasm. Angioplasty was performed 2 (Day 2) or 7 (Day 7) days after placement of the silastic sheaths. The animals were sacrificed 1 day (Day 3 or 8), approximately 1 week (Day 7 or 14), or 3 to 4 weeks (Day 30) after angioplasty, and the carotid arteries were removed and examined by light and electron microscopy and by amino acid analysis.
All animal procedures and care were undertaken according to standards set by the Canadian Council on Animal Care and the United States Department of Health and Human Services. The experiments were approved by the Animal Care and Use Committees of the University of Toronto and the University of Chicago.
Angiography, Induction of Vasospasm, and Angioplasty
On Day 0, the rabbits were anesthetized by intramuscular injection of ketamine (20 mg/kg) and xylazine (5 mg/kg). The animals were then intubated and ventilated with O 2 and 0.5% to 2% isoflurane. Body temperature was maintained using an electric heating pad, and arterial blood gases, blood pressure, and heart rate were monitored. A femoral artery was exposed and catheterized with a No. 4 French polyethylene catheter. A single anteroposterior arterial-phase angiogram of both common carotid arteries was obtained using a manual injection of 5 ml 65% iohexol. Angiograms were obtained with digital subtraction and constant magnification. Afterwards, the catheter was removed, the femoral artery was ligated, and the incision closed. A midline, longitudinal incision was made in the anterior neck of each animal. Both common carotid arteries were exposed and dissected free of loose connective tissue. Silastic sheaths measuring 3 cm in length with an internal diameter of 5 mm were split longitudinally and placed around each common carotid artery. Metal clips were placed on each end of the sheaths. In the control groups, the sheaths used were empty; in groups in which vasospasm was induced, the sheaths were filled with fresh, nonheparinized human blood. After placement of the sheaths, the incision was closed and the animals were allowed to recover.
Two or 7 days later, the rabbits were again anesthetized and bilateral, transfemoral carotid angiography was repeated using a No. 4 French catheter. The catheter was then removed and a Stealth dilation catheter system (a gift from Target Therapeutics, Fremont, CA), containing a balloon 1 cm in length with a 2-mm diameter, was advanced under fluoroscopic control into one common carotid artery. Angioplasty was performed by inflating the balloon with contrast material according to the manufacturer's instructions. Pressure in the balloon was not monitored and the duration of inflation was 5 to 10 seconds. The balloon was allowed to deflate and the catheter was advanced along the common carotid artery to dilate the entire 3-cm length of carotid artery within the sheath. The contralateral common carotid artery was not dilated.
After angioplasty, the balloon catheter was removed, the No. 4 French angiography catheter was reinserted, and angiography of both common carotid arteries was repeated to assess the results of the angioplasty. Following this procedure, the catheter was removed, the femoral artery ligated, and the incision closed. The rabbits were allowed to awaken with the silastic sheaths remaining in place until the time at which the animals were sacrificed.
One day, approximately 1 week, or 3 to 4 weeks after angioplasty, the rabbits were anesthetized and monitored using the methods described above. Transfemoral angiography of the common carotid arteries was repeated. The animals were sacrificed by means of intravenous administration of 50 mg/kg sodium pentobarbital, and their bodies were perfused with 0.9% NaCl, followed by fixative solution (1% paraformaldehyde and 1.25% glutaraldehyde in 0.2 M phosphate buffer, pH 7.4). The common carotid arteries were removed and placed in the same fixative solution at 4˚C for 24 hours. They were then divided into four equal segments and submitted for light and electron microscopy and amino acid analysis.
Histopathological and Amino Acid Analyses
For light microscopy, specimens were embedded in paraffin and sections 10-m thick were cut on a microtome and stained with hematoxylin and eosin or, for connective tissue, with Gomori's trichrome stain. The hematoxylin and eosin-and trichrome-stained sections were examined by two independent investigators who had no knowledge of the groups from which the arteries were taken. The following histopathological features were graded on a five-point integer scale, from Ϫ2 (ϪϪ) to +2 (++), based on whether they were decreased or increased from normal: endothelial denudation; intimal proliferation; degree of inflammation and fibrosis in the tunica media; folding of the internal elastic lamina; number of layers of smooth muscle in the tunica media; degree of fibrosis in the tunica adventitia; amount of elastic tissue in the tunica media; number of breaks and fragmentations of elastic tissue in the tunica media; and number of breaks in the internal elastic lamina. A review of 10 stained normal rabbit carotid arteries established the baseline for assessment of these characteristics. Specimens were processed by standard methods for transmission electron microscopy. 9 Segments of common carotid artery were analyzed by amino acid analysis using previously described methods. 9 
Data and Statistical Analysis
An optical micrometer was used to measure the diameters of the carotid arteries four times at three predetermined sites along the length of artery contained within the sheath. Degrees of vasospasm were assessed by comparison of angiograms taken on Day 0, before and after angioplasty, and immediately before sacrifice. Comparisons of physiological values, vessel diameters measured on angiography, and amino acid analysis (within groups at multiple times and between groups at baseline and at different times) were made by one-way analysis of variance with a subsequent Bonferroni multiple comparison procedure when significant variance was found. Comparisons of pathological values between and within groups were made using the Kruskal-Wallis nonparametric analysis of variance with Dunn's multiple comparison test only if significant variance was found. All values are expressed as the mean Ϯ standard error of the mean. Significance was defined as p Ͻ 0.05.
Results
Physiological Values
There were no significant differences in body weight, mean blood pressure, body temperature, or pH within groups across time or between groups compared on Day 0, on the day of angiography, or on the day of sacrifice (Table 1) . For PaCO 2 , the only comparison that showed significant variation (p Ͻ 0.05) was among the three groups subjected to angiography 5 to 7 days after perivascular blood placement. Linear regression analysis of arterial diameter and PaCO 2 showed that there was a relationship between vessel diameter shown on angiography and PaCO 2 (p Ͻ 0.05). Based on this correlation, the 12 to 14 mm Hg difference in PaCO 2 in the three groups undergoing angiography on Day 7 would alter arterial diameter approximately 0.2 mm. This change in diameter would not be statistically significant.
Angiographic Vasospasm and Effect of Angioplasty
Groups Undergoing Angioplasty on Day 2. Groups of rabbits underwent placement of sheaths that were filled with blood or empty (Fig. 1 ). In the groups with perivascular application of blood, there was significant reduction in arterial diameter ranging from 33% to 54% (Fig. 2  upper) . In the control groups that received perivascular placement of empty sheaths, the reduction in diameter was only 20% to 30% (Fig. 2 lower) . Angioplasty performed 2 days after blood placement produced statistically significant increases in arterial diameter (42% Ϯ 7%, 50% Ϯ 3%, and 55% Ϯ 9%, p Ͻ 0.05). Angioplasty did not significantly alter arterial diameters in control animals in which empty sheaths were placed. In animals sacrificed 1 day after angioplasty, the arteries did not change significantly compared to the way they appeared on angiography
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Pathology of experimental angioplasty 113 2.4 ± 0.1 57 ± 10 38.0 ± 0. immediately after angioplasty. Five days after angioplasty, however, there was significant recurrent narrowing of the carotid artery in animals that had perivascular blood placement. The degree of vasospasm was still less than that found in the contralateral artery that had not undergone angioplasty (28% Ϯ 7% vs. 42% Ϯ 4%, p Ͻ 0.01, respectively, Fig. 2 upper) . By Day 30 no significant arterial narrowing persisted in any group.
Groups Undergoing Angioplasty on Day 7. All of the rabbits in these groups underwent placement of sheaths filled with blood. Significant reductions in arterial diameter (35% to 55%) occurred in all groups (Fig. 3) . Angioplasty produced increases in arterial diameter of 44% Ϯ 35%, 45% Ϯ 17%, and 51% Ϯ 34%. Although these increases were of similar magnitude to those produced when angioplasty was performed after 2 days, they were not statistically significant. One day after angioplasty, significant narrowing persisted in both arteries receiving and not receiving angioplasty (angioplasty side and nonangioplasty side), although the degree of narrowing was greater in the nonangioplasty arteries (46% Ϯ 14% vs. 38% Ϯ 12%, p Ͻ 0.01). There was no significant recurrence of vasospasm in animals sacrificed 7 days or 3 weeks after angioplasty. Table 2 demonstrates the mean ratings for each group for each of the pathological features that were assessed. When comparisons of the features of hematoxylin and eosin-stained sections were made between arteries studied 1 day, approximately 1 week, and 3 to 4 weeks after angioplasty, angioplasty of arteries exposed to periarterial blood produced a significant increase in endothelial proliferation at Day 30 (p Ͻ 0.05, Fig. 4 ). There was significant variation in medial inflammation by Day 30 and in the thickness of the tunica media by the 1st day after angioplasty, although there were no pairwise differences in these measures. The variability in these measures was due to a tendency for angioplasty to increase medial inflammation on Day 30 and for periarterial blood to increase the thickness of the media on Day 3. The tunica media tended to be thinner than normal 3 to 4 weeks after periarterial blood placement in both angioplasty and nonangioplasty arteries.
Light Microscopy Studies
In the case of trichrome-stained sections, there was significant variation in fracturing of the elastic tissue in the tunica media on Day 30, although there were no pairwise differences between the groups (p Ͻ 0.05, Fig. 5 ). There was a trend for an increase in fracturing and fragmentation of the elastic tissue in arteries exposed to periarterial blood, although this was independent of whether the arteries underwent angioplasty.
Electron Microscopy Studies
Normal arteries were lined by a single layer of endothe- lial cells attached to a discontinuous layer of myointimal cells. The internal elastic lamina was flat and there were eight to 10 layers of smooth-muscle cells in the tunica media. Most arteries placed in empty silastic sheaths exhibited no pathological changes, although there were varying degrees of contraction of the smooth-muscle cells and folding of the elastica in some specimens. One month after angioplasty, the tunica media of some arteries not exposed to blood was composed of two layers of myointimal cells.
Vasospasm was associated with smooth-muscle cell contraction and folding of the internal elastic lamina. Smooth-muscle cell necrosis, vacuolation, and loss of tight junctions between endothelial cells were not present. No obvious changes were observed 1 day after angioplasty, other than less folding of the internal elastic lamina and less shortening and contracting of the smooth-muscle cells. Intimal proliferation was observed in angioplasty and control-side arteries 1 month after periarterial blood placement in the Day 2 groups and 1 week and 1 month later in the Day 7 groups.
Amino Acid Analysis
The hydroxyproline content of each arterial segment was expressed per mole of leucine and per milligram of wet weight. No significant differences in the arterial content of hydroxyproline between groups could be demonstrated by either method of expression (Table 3) .
Discussion
Placement of blood clot around the carotid arteries of rabbits produced vasospasm that lasted for over 7 days; placement of empty sheaths resulted in 50% as much narrowing as that caused by blood-filled sheaths. This suggests that the vasospasm was partly caused by the manipulation necessary to place the silastic sheaths and was possibly due to an effect of the sheaths. Transluminal angioplasty successfully restored the arteries to near-normal size, although there was some recurrence of vasospasm 7 days after angioplasty. A similar model of vasospasm was used by MacFarlane and colleagues. 10 They found a 53% reduction in arterial diameter 2 days after clot placement and a return to normal caliber by 6 days. Results of placement of empty sheaths were not reported in their findings.
Previous Studies of Angioplasty
Studies of the pathological effects of angioplasty on vasospastic arteries are limited, with few exceptions, to histological examinations undertaken immediately after ) or empty (control group) silastic sheaths around both cervical carotid arteries on Day 0. Two or 7 days later angioplasty was applied to one artery in each animal. Histological features were graded on a five-point integer scale, from Ϫ 2 (ϪϪ) to ϩ2 (ϩϩ), based on whether they were decreased or increased from normal (0). IEL = internal elastic lamina.
angioplasty. 3, [6] [7] [8] In three studies researchers found that immediately after angioplasty, arteries showed either no changes or the presence of endothelial desquamation, thinning of the tunica media, and stretching of the internal elastic lamina. 3, 6, 7 No histopathological changes were observed 1 month after angioplasty of vasospastic dog basilar arteries. 3 There are reports of histopathological data obtained immediately after angioplasty that focused on arteries dilated to larger-than-normal diameters or on arteries that were contracted pharmacologically and then subjected to angioplasty. 2, 13, 19 Pathological changes noted in these reports included endothelial desquamation, compression of the tunica media, and stretching of the internal elastic lamina. Fracturing of the internal elastic lamina was limited to cases in which the artery was dilated to a diameter greater than its norm. The effects of angioplasty under these conditions may differ from the effect of angioplasty on a vasospastic artery. 5 
Why Vasospastic Arteries Do Not Reconstrict After Angioplasty
Most investigators agree that a contractile process, which occurs either in smooth-muscle cells or involves myofibroblasts, is responsible for vasospasm. 9, 15 This theory must be reconciled with the clinical and experimental findings that vasospastic arteries do not narrow again after angioplasty. Possible explanations for why arteries do not reconstrict after angioplasty include: 1) angioplasty disrupts the extracellular matrix of the arterial wall so that when smooth-muscle cells or myofibroblasts contract or pull on the extracellular matrix, the contraction is not translated into constriction; 2) angioplasty disrupts the cells responsible for contraction or for stimulating the contraction; and 3) angioplasty disrupts the connections in the basement membranes between smooth-muscle cells and the extracellular matrix. 15, 16, 18 Results of the present experiments are consistent with the theory that angioplasty works by inhibiting smoothmuscle contraction. Angioplasty did not significantly fragment the extracellular matrix. The fragmentation of the elastic tissue that we observed was similar in arteries that received angioplasty and those that did not, suggesting that the change was caused by the vasospasm and not the angioplasty. Dilation of a spastic artery would not necessarily overstretch and disrupt the extracellular matrix of the artery because the artery would merely return to its normal diameter. Observations that angioplasty ruptured the collagen fibers in the arterial wall were based on normal arteries that may have been overdistended under high pressure. 18 If the mechanism was related to an effect on the extracellular matrix or on the connections between smooth muscle and the extracellular matrix, then smoothmuscle cells should appear equally contracted in vasospastic arteries, whether or not they have undergone angioplasty. However, observations made using electron micrographs suggest that smooth-muscle cells are not as contracted after angioplasty. Furthermore, there was pathological evidence for smooth muscle and endothelial cell damage after angioplasty that was greater than that produced by vasospasm itself. Angioplasty decreased the number of smooth-muscle cells in the tunica media and increased the amount of endothelial proliferation. Endothelial proliferation is a nonspecific response to injury of smooth muscle and endothelial cells. The increased endo-FIG. 5. Photomicrographs showing cross-sections of rabbit common carotid arteries. Left: One day after angioplasty and 3 days after placement of an empty silastic sheath around the artery, the internal elastic lamina and elastic tissue in the tunica media appear normal. Center and Right: Thirty days after periarterial blood clot placement, there is no damage to the internal elastic lamina. There is, however, fragmentation of and decrease in the amount of elastic tissue in the tunica media. These changes are equally prominent in the artery subjected to angioplasty (center) as well as in the artery not subjected to angioplasty (right). The difference between the two is the marked intimal proliferation in the artery subjected to angioplasty (center). L = lumen. Gomori's trichrome, bars = 50 m. thelial proliferation observed in this experiment could be due to damage to either cell type. There is pharmacological evidence showing that angioplasty of arteries that have been pharmacologically contracted is associated with decreased arterial contractility. 13, 14 Finally, the recurrence of vasospasm 7 days after angioplasty in this model suggests an active, smooth-muscle contraction process that was inhibited temporarily by angioplasty.
Support for Other Theories and the Limitations of This Study
The data presented do not prove which mechanism or mechanisms outlined above are responsible for the fact that vasospasm does not recur after angioplasty. It is possible that the histopathological tests were not sensitive enough to detect minor damage to the extracellular matrix, which could account for the lack of reconstriction of arteries that underwent angioplasty, a mechanism suggested by Yamamoto, et al. 18 Fragmentation of the internal elastic lamina was observed in human cerebral arteries removed from patients who died soon after angioplasty. 8 Because vasospasm tended to recur 7 days after angioplasty in the rabbit model, it could be that in this model angioplasty exerts it effect on smooth-muscle cells but that in humans, the mechanism differs.
The intraballoon pressure was not monitored during angioplasty. The clinically relevant endpoint is dilation of the artery back to a normal or near-normal diameter, not to a particular intraballoon pressure. Monitoring of pressure inside the balloon is used to prevent balloon rupture and possible arterial rupture. In our study inflation of the balloon was monitored fluoroscopically and pressures were kept to a minimum. As the balloon has a preformed size, the pressure measured inside it does not necessarily reflect the pressure exerted on the arterial wall. In one study, effects of angioplasty in the rabbit aorta were related to the diameter of the balloon and the duration of inflation.
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Conclusions
Percutaneous transfemoral angioplasty successfully dilates vasospastic rabbit carotid arteries. Evidence suggests that in this model, dilating vasospastic arteries back to their normal diameter does not cause substantial disruption of the extracellular matrix but it does damage smooth muscle and endothelial cells. These effects may form the basis for the lack of reconstriction of arteries after angioplasty.
